MiRNAs are estimated to directly regulate >60% of human mRNAs [1] [2] [3] . Accordingly, miRNAs are involved in numerous biological processes and human diseases 4, 5 . Although describing the complete set of rules by which miRNAs identify their functional targets is of considerable importance, understanding of functional miRNA targeting is incomplete.
MiRNAs are estimated to directly regulate >60% of human mRNAs [1] [2] [3] . Accordingly, miRNAs are involved in numerous biological processes and human diseases 4, 5 . Although describing the complete set of rules by which miRNAs identify their functional targets is of considerable importance, understanding of functional miRNA targeting is incomplete.
It has been widely accepted that miRNAs interact with their mRNA targets by forming Watson-Crick pairings at their 5′ ends primarily with the 3′ UTRs of target mRNAs 2, [6] [7] [8] [9] [10] . Previous empirical computational analyses have determined that 6-to 7-nt perfect Watson-Crick pairings are the primary functional interactions between miRNAs and their mRNA targets, and these site types have been regarded as canonical site types (CSTs) 6, 8, 11 . The importance of these CSTs has been confirmed by large-scale studies that monitored whole-transcriptome and proteome responses to miRNAs 3, 9, 10, 12, 13 and has been further reinforced by comparative genomic analyses that demonstrated their significant conservation across species 1, 6, 11, 14, 15 . Additional efforts have identified other functional non-canonical interactions, including the centered site and the offset 6-mer site 1, 16 .
Another key contribution in discovering functional miRNA site types has come from a biochemical approach that uses Argonaute (AGO) immunoprecipitation followed by high-throughput sequencing, termed AGO CLIP-seq 17 . AGO CLIP-seq can be used to examine the association between AGO protein, miRNA, and mRNA in a highly specific manner 17, 18 . Although AGO CLIP-seq was accurate enough to identify a new mode of miRNA regulation named the pivot site 19 , it has two apparent limitations. First, AGO CLIP-seq is unable to provide information on direct linkage between a miRNA and its mRNA targets. Second, although AGO CLIP-seq pinpoints the exact locations of AGO-bound mRNAs, this information alone does not guarantee detectable downregulation as a result of binding 17, [19] [20] [21] (Supplementary Note). To overcome the first limitation, an improved technology named CLASH has been proposed, which ligates the 5′ end of an AGO-bound miRNA to the 3′ end of an AGO-bound mRNA, providing direct linkage information for the two molecules 22, 23 . Although CLASH is an improvement over AGO CLIP-seq, it still suffers from the second limitation. Following these biochemical innovations, additional computational analyses have been reported 21, [24] [25] [26] , suggesting that non-canonical interactions might be substantially more prevalent in functional miRNA targeting than proposed in the previous model, which mainly emphasizes canonical interactions.
However, it remains undetermined whether these proposed noncanonical site types (NSTs) are truly functional (for the scope of this study, a site type is regarded as functional if it can result in detectable downregulation of target mRNA expression, but this definition does not take into consideration the physiological consequences of site types, as these are far more difficult to systematically evaluate). Contrary to the proposed widespread functional roles of NSTs, a recent study that aimed to examine the functionality of these NSTs found that previously reported NSTs did not elicit significant levels of repression when evaluated with large-scale independent data sets 27 . Moreover, previous studies have been limited to the fraction of NSTs represented by AGO CLIP-seq data sets despite the immense number of possible interactions that can occur between miRNAs and mRNA targets, leaving the majority of possible NSTs never examined for their functionality. Therefore, there is a need for a systematic and exhaustive evaluation of all functional miRNA site types. 
A r t i c l e s
In this study, we aimed to describe the rules used by miRNAs to identify their targets by evaluating the functional consequences of the enormous number of interactions that can occur between human miRNAs and mRNA targets. Accordingly, we identified seven functional NSTs in addition to four CSTs, while also removing numerous likely false positives reported by previous studies. Extensive validation experiments and additional analyses performed for the new NSTs indicate that they may have biologically relevant roles. Our study may serve as a useful framework for the systematic discovery of functional NSTs, provide a deeper understanding of the complex nature of miRNA targeting, and help draw the most up-to-date picture of functional miRNA targeting.
RESULTS

A large number of predicted human miRNA-mRNA interactions
To identify distinct interactions between human miRNAs and their mRNA targets, we devised a generalized method to represent such interactions as site types. We defined a site type as a collection of interaction residues, with each interaction residue representing a single nucleotide on the miRNA side and its interacting nucleotides on the mRNA side (Fig. 1a) . The major advantage of this representation is that any interaction between a miRNA and its mRNA target can be represented by a site type with a fixed number of interaction residues, making subsequent computational analyses much simpler. Another key advantage is that an interaction residue can reflect various interactions, including Watson-Crick pairing, G:U wobble pairing, mismatches, an adenine at the mRNA nucleotide corresponding to the first nucleotide position of the miRNA, and a bulge of various sizes on either the miRNA or mRNA side. Using this representation and a computer program that predicts secondary structures for interacting RNA molecules 28, 29 , we compiled the possible site types that could occur in interactions between the 177 broadly conserved human mature miRNAs 1 and 18,625 3′ UTRs of human reference mRNAs and obtained an astronomical combination of ~4.4 trillion unique site types (Online Methods). However, a majority of these theoretical site types have very few target sites within the transcriptome. We focused on site types that had on average >8 target sites per 10,000 randomly chosen 3′ UTRs for a mature miRNA (Online Methods). These processes reduced the number of site types for the 177 broadly conserved mature miRNAs to ~2.1 billion.
To evaluate the functional consequences of these site types, we used a data set of 175 microarray assays that monitored the whole-transcriptome response after ectopic introduction of small RNAs (sRNAs) into HeLa cells 30 . For the 74 microarray data sets that showed detectable repression for the CSTs 30 , we quantified the theoretical combination of site types that could occur between the 74 individual sRNAs and the reference 3′ UTRs to obtain approximately 2.0 billion site types (Fig. 1b) , focusing on reference 3′ UTRs that were <1,000 nt in length (Online Methods). With these site types, we established that our analysis provided approximately 98% coverage of the site types for the 177 broadly conserved mature miRNAs (for coverage of the site types for less broadly conserved and non-conserved miRNAs, see the Online Methods).
Analysis pipeline and evaluation of detection sensitivity
For the approximately 2 billion site types obtained from the 74 microarray data sets, we aimed to test whether each of the site types is significantly associated with mRNA downregulation in response to sRNA overexpression. Because we performed statistical tests using various cutoffs for the identification of downregulated mRNAs, this method should be sensitive enough to identify site types with various overall proficiencies (Online Methods).
The detection sensitivity of our statistical analysis is dependent on the overall efficacy and target site abundance of each site type. Therefore, to evaluate the detection sensitivity of our analysis platform, we computationally simulated an imaginary NST for various levels of overall proficiency and target site abundance. As a result, we found that the analysis platform is able to detect an NST whose overall efficacy is as low as 5% that of the canonical 7-mer-m8 site type, equivalent to a 2% downregulation of mRNA levels, if the NST has the same target site abundance as the 7-mer-m8 site type ( Fig. 2a  and Supplementary Note) . Similarly, the analysis platform can detect an NST with a target site abundance as low as 2% of that for the 7-mer-m8 site type, equivalent to an average of four target sites per 10,000 randomly chosen 3′ UTRs for a mature miRNA, if the site has the same overall efficacy as the 7-mer-m8 site type (Fig. 2a) . In comparisons to the 6-mer CST, our analysis platform is able to detect an NST whose overall efficacy is as low as 25% that of the 6-mer site type or whose target site abundance is as low as 20% that of the 6-mer site type (Supplementary Fig. 1 ). Furthermore, we confirmed that subsampling a subset of microarray data still provided results consistent with the full data set, demonstrating that the results from our analysis platform are fairly robust and stable (Supplementary Table 1 and Supplementary Note). Taken together, these results demonstrate the high detection sensitivity, stability, and computational efficiency of the analysis platform in evaluating the functionality of a wide spectrum of NSTs (Supplementary Note).
Detection of functional NST candidates
When applying our analysis platform to the approximately 2 billion site types obtained from the 74 microarray data sets, CSTs were the most significantly associated site types among the detected site types, consistent with previous studies 2, 9, 24 . Interestingly, there were many more site types that exhibited significant association with highly downregulated mRNAs after stringent correction for multiple testing using the Bonferroni method ( Fig. 2b and Supplementary Tables 2-5 ). In contrast, no site types were found to exhibit significant association with upregulated mRNAs, indicating that mRNA upregulation is unlikely to be a general regulatory mode of miRNAs (Online Methods and Supplementary Table 6 ). To reduce interdependency between overlapping site types and potential biases from the coexistence of multiple site types (Online Methods), we chose the most significantly associated site type, removed the 3′ UTRs containing this site type, and reiterated the analysis (Supplementary Fig. 2 ). Although this approach requires substantially greater time, it guarantees the absence of interdependency between detected site types.
When we iterated the analysis after removing 3′ UTRs containing the 6-mer to 8-mer target sites of CSTs, the most significantly associated site type was an NST that consisted of five Watson-Crick pairings followed by an adenine at the mRNA nucleotide corresponding to the first nucleotide position of the miRNA. This NST closely resembles the 7-mer-A1 CST (Fig. 2b) , except that it is shorter by a single WatsonCrick pairing, and we therefore refer to this NST as the 6-mer-A1 site type ( Fig. 2c and Supplementary Fig. 3a) , suggesting that the previously accepted notion of the 6-mer seed being the minimum size for functional miRNA targeting should be updated. Notably, the adenine at the first nucleotide position as well as the matches at positions 2-5 of this NST are very consistent with previous studies that emphasized these positions as crucial factors in determining targeting proficiency 6, 31 . While a previous report based on AGO CLIP-seq data included the 6-mer-A1 site type as a potentially functional site type, our study clarifies that this site type is indeed functional, unlike the many non-functional site types described from AGO CLIP-seq data 25 .
A r t i c l e s
After further removing 3′ UTRs containing 6-mer-A1 target sites, the most significant site types were the offset 6-mer site type and what we refer to as the offset 7-mer site type ( Fig. 2c and Supplementary  Fig. 3a) . A previous conservation study detected the offset 6-mer site type but not the offset 7-mer site type 1 , whereas here we have detected both site types, demonstrating that our analysis platform provides higher detection sensitivity (see the Supplementary Note for comparison of the offset 7-mer and 6-mer site types). After removing 3′ UTRs that included these two offset site types, none of the remaining site types was found to be significantly associated with highly downregulated mRNAs ( Fig. 2d and Supplementary Fig. 3b ).
Detection of context-dependent functional NST candidates
It has been reported that various context features for a miRNA and its mRNA target sites determine the overall proficiency of CSTs. The key context features for CSTs include local AU content near the mRNA target site, location of the site on the 3′ UTR, supplementary pairing in the 3′ region of the miRNA, target site abundance, and thermodynamic pairing stabilities for the miRNA and its mRNA targets 6, 9, 15, 30, 32, 33 .
To measure the impact of known context features on the overall proficiency of the three NSTs that we detected, we performed multiple linear regression analysis. We found that these NSTs were also associated with known context features ( Fig. 3a and Supplementary  Table 7) . These results illustrate that the effect of context should also be taken into consideration when identifying the target sites of NSTs, raising the possibility that, despite not satisfying our stringent statistical cutoff, NSTs may still exist that are deemed functional if evaluated on a subset of target sites with good context (top 25% of context scores). After applying the multiple linear regression model or not (B) for the mRNA nucleotide corresponding to the first nucleotide position of the miRNA, all other interaction residues except for the match interaction residue (Ø), and "." which is designed to represent a residue whose identity does not matter where any of 25 interaction residues can occur in the position. The numbers denoted after the O and L in O1-O9 and L1-L9 symbolize the number of nucleotides included in the bulge. (b) Microarray data monitoring the transcriptome response after miRNA or small interfering RNA (siRNA) transfection in HeLa cells are collected and analyzed according to the illustrated pipeline. With the mRNA fold change and the site type list, the χ 2 association test or Fisher's exact test is performed for each site type to determine whether the site type is enriched within the highly downregulated 3′ UTRs in response to the ectopically introduced sRNAs. The analysis is iterated after removing the 3′ UTRs containing the most significantly enriched site type (Online Methods).
A r t i c l e s to 3′ UTRs containing a single site of the site types that did not pass our statistical cutoff, we detected NSTs exhibiting association with highly downregulated genes (Online Methods). As a result, we identified four potentially functional NSTs (Fig. 3b, Supplementary Fig. 4 , and Supplementary Tables 8-11 ) and termed these context-dependent NSTs (CDNSTs). Interestingly, most of these CDNSTs contained Watson-Crick pairings at nucleotide positions 2-4. Our result is consistent with the lateral diffusion model and suggests an expansion of the model for situations where a site exhibits good context (Supplementary Note).
Our systematic approach was able to detect potentially functional NSTs with mismatches, but none of these NSTs contained G:U wobbles or bulges on either the mRNA or miRNA side. This indicates that these interactions may not be included in the general targeting mechanism for functional NSTs (Supplementary Note), and future efforts to identify functional miRNA-target interactions should focus on CSTs and the additional NSTs and CDNSTs reported in the present study.
Validation of new NSTs and CDNSTs
To validate the NSTs and CDNSTs that we detected, for each of the 6-mer-A1, offset 7-mer, CDNST 1, and CDNST 2 site types, ten candidate 3′ UTRs containing a single target site were selected and evaluated using luciferase reporter assays ( Fig. 4a-d and Online Methods). We found that, for both the 6-mer-A1 and offset 7-mer site types, eight of the ten 3′ UTRs displayed significant repression, with a few 3′ UTRs exhibiting repression comparable to that observed for the positive control, which measured repression from a single site for the 8-mer CST (Fig. 4a,b) . In validation by luciferase reporter assay of CDNST 1 and CDNST 2, five and seven 3′ UTRs exhibited significant repression, respectively ( Fig. 4c,d ). Overall, 70% (28/40) of the tested NST and CDNST targets exhibited significant repression, in comparison to only 6.7% (2/30) of the tested negative controls (Supplementary Fig. 5a-c) . The tested NST and CDNST targets were significantly repressed in comparison to the negative controls (Fig. 4e) , demonstrating that most of the detected NSTs and CDNSTs are indeed functional in vivo.
To directly compare the relative proficiencies of the newly identified NSTs and CDNSTs for a single miRNA and to define their relative contributions to gene repression, we performed an additional set of luciferase reporter assays for three target genes each containing a single strong canonical 8-mer site in which each 8-mer site was mutated to the other CSTs, NSTs, and CDNSTs (Supplementary Note). We found an overall pattern of decreasing relative proficiency from the 8-mer site type to the CDNST 4 site type ( Fig. 4f and Supplementary  Fig. 5d-f) , consistent with our microarray analyses. The NSTs and CDNST 1, CDNST 2, and CDNST 4 exhibited significant target repression for all three miRNAs tested, whereas CDNST 3 showed significant repression for two of the three miRNAs. Interestingly, the 6-mer-A1 site type could repress target expression to the extent of the 6-mer CST (miR-124) or more strongly than the 6-mer CST (miR-155 and miR-223) consistent with previous reports suggesting that the adenine at the first nucleotide position and the matches at positions 2-5 are important factors in improving targeting proficiency 6, 31 . Our findings indicate that all of the newly identified NSTs and CDNSTs significantly repress their targets, providing further evidence for the possible functional role of these NSTs and CDNSTs, as well as better defining their relative contributions to gene regulation in comparison to CSTs.
Furthermore, we analyzed whole-transcriptome responses to ectopic introduction of sRNA in various human cell lines ( Fig. 5 and  Supplementary Table 12 ). All the NSTs and CDNSTs combined significantly repressed target mRNAs with 3′ UTRs containing a single target site as well as those that exhibited the top 25% of context scores (Fig. 5c) , ensuring that our result is not confined to a specific cell type. We then evaluated the impact of these NSTs and CDNSTs under more biologically relevant conditions by monitoring the transcriptome response to reduced miRNA levels or deletion of miRNAs in human, mouse, and zebrafish 10, [34] [35] [36] [37] [38] [39] [40] [41] (Supplementary Table 12 ). Using miRNA knockout and knockdown data, almost all of the NSTs and CDNSTs combined exhibited significant mRNA repression (Fig. 5a,b and Supplementary Figs. 6-8 ), suggesting that they may have functional or phenotypic consequences. 6-mer-A1 Offset 7-mer Offset 6-mer Fig. 5a-c) . The fold change values of wild type for each group were combined and compared using Wilcoxon's rank-sum test (Online Methods). Boxes show center quartiles, and whiskers represent 1.5 times the interquartile range in each direction. (f) Luciferase reporter assays comparing the relative proficiencies of the newly discovered NSTs and CDNSTs for each of three target sites (for individual results, see supplementary Fig. 5d-f ). To determine relative proficiencies, a strong 8-mer site was sequentially mutated to the other CSTs (7-mer-m8, 7-mer-A1, and 6-mer), NSTs (6-mer-A1, offset 7-mer, and offset 6-mer), and CDNSTs (CDNSTs 1-4) and efficacy was evaluated (Online Methods).
A r t i c l e s
In addition, a survey of available CLASH 22 and AGO CLIP-seq 42 data further validated the strong prevalence of NSTs and CDNSTs in these data sets. Characterizing the CLASH interactions as well as AGO CLIP-seq data showed that NSTs and CDNSTs are implicated in more than half of the interactions, 61.7% and 64.8%, respectively (Fig. 6a,b and Supplementary Note). Collectively, these results serve as a strong indication that the NSTs and CDNSTs that we discovered are functional in various cell types and under biologically relevant conditions, thereby demonstrating that they are likely to be a key component in the general mechanisms of functional miRNA targeting.
The impact of functional miRNA targeting on mRNA repression
To evaluate the impact of the NSTs and CDNSTs that we detected from an evolutionary perspective, we performed a comparative genomics 
A r t i c l e s
analysis in a manner similar to that described in a previous study 1 . By using conservation scores computed from 100 vertebrate genomes 43 , we tested whether the 3′ UTR target sites of the reported NSTs and CDNSTs are under purifying selection in comparison to control sites (Online Methods). We found that six of the seven NSTs and CDNSTs that we detected are under significant purifying selection (P < 0.01).
In particular, the offset 7-mer site type exhibited striking significance in sequence conservation, demonstrating that these site types may be as functionally important as some CSTs ( Table 1 and Supplementary  Table 13 ). Together with our validation analyses, the sequence conservation analysis further demonstrates that these NSTs and CDNSTs are likely to be biologically relevant.
To assess the overall site proficiencies of the NSTs and CDNSTs, we compared the mean mRNA repression for 3′ UTRs containing a single target site (Online Methods). Accordingly, we found that some NSTs, such as the offset 7-mer site type, exhibited proficiencies comparable to that for the 6-mer CST, although most of the new NSTs had relatively weaker proficiencies than the CSTs. However, we postulated that the overall impact of these NSTs on mRNA repression might be equivalent to that of the CSTs, as these NSTs have many more targets in comparison (Fig. 3b) . Indeed, the estimated amount of overall mRNA repression elicited by the combined effects of the NSTs and CDNSTs in the miRNA knockout and knockdown experiments appeared to exceed that of any individual CST and to exert ~84% of the repression for all four CSTs combined ( Fig. 6c and Online Methods), assuming that the target mRNAs of CSTs and NSTs are expressed at similar levels and that site types function additively rather than cooperatively in most mRNAs with multiple target sites 9 . Extending this analysis to the 74 microarray data sets and the independent miRNA overexpression data set, the amount of overall mRNA regulation elicited by the NSTs and the CDNSTs combined was estimated to be ~56% and ~69%, respectively, of that for the CSTs combined in each data set ( Supplementary Figs. 9 and 10) . Even when approximating the amount of overall mRNA repression only using 3′ UTRs containing a single target site, the estimated amount of overall mRNA repression mediated by the NSTs and CDNSTs was ~33% and ~32%, respectively, of the amount for the combined CSTs in the sRNA overexpression and miRNA knockout and knockdown experiments, respectively (Supplementary Fig. 11 ). These results indicate that the overall impact of these NSTs and CDNSTs on mRNA regulation may be comparable to that of the CSTs (Fig. 6) .
DISCUSSION
In this study, we systematically addressed the challenge of evaluating the extraordinary amount of distinct site types that can theoretically occur between human miRNAs and their mRNA targets, and examined whether each of the approximately 2 billion site types is associated with mRNAs responding to overexpression or deletion of miRNAs. Thus, our study is a massive-scale effort that aims to discover the functional rules for miRNA targeting. To undertake this daunting task, we analyzed large-scale microarray data that monitored the whole-transcriptome response to overexpressed or deleted miRNAs through the development and use of a highly optimized algorithm run on a powerful computer system. Applying this analysis platform to site types that included CSTs, previously reported NSTs, and new NSTs, we identified seven potentially functional NSTs and CDNSTs. Although the mean proficiencies of these new NSTs and CDNSTs are much weaker than those of the CSTs, these site types were validated by three independent analyses based on luciferase reporter assays, transcriptome data in response to ectopically introduced sRNAs in human cell lines, and transcriptome data in response to reduced or deleted miRNAs in human, mouse, and zebrafish cells. These results strongly suggest that they likely have biological roles, and it will be interesting to determine whether the physiological consequences of these NSTs are similar to those of the CSTs in acting as fine-tuners of mRNA expression in future studies (Supplementary Note).
Although our systematic analysis is a significant step toward elucidating the functional rules for miRNA targeting, it has the following limitations. First, the analysis in the discovery phase is largely based on transcriptome data from microarrays, an approach that can be justified by recent studies that reported that miRNA targeting is mainly mediated by mRNA regulation rather than translational control in steady state 44 . However, to address this limitation more thoroughly, future efforts can incorporate the construction and analysis of large-scale proteomics and/or ribosomal footprint data sets in response to ectopically introduced or deleted miRNAs. Second, the analysis focused on 3′ UTRs that are less than 1,000 nt long because there is evidence that large 3′ UTRs tend to be unresponsive to miRNAs regardless of whether they contain functional site types 9, 27, 45 . Therefore, this approach has the limitation that it eliminates long 3′ UTRs that may be specifically expressed in certain tissues such as brain 46 and thus could potentially exclude targeting rules specific to these 3′ UTRs. Third, although our analysis platform is sensitive enough to detect an NST whose target sites are as few as 2% of those for the 7-mer-m8 site type, equivalent to four target sites per 10,000 randomly chosen 3′ UTRs on average for a mature miRNA, certain functional NSTs can exhibit fewer target sites than this cutoff. For instance, the centered sites only have an average of 0.3 target sites per 10,000 randomly chosen 3′ UTRs for a mature miRNA despite their overall proficiency being comparable to that of the 7-mer-m8 site type 16 . We estimate that such NSTs can only be detectable if our analysis is performed with ~100 times greater computation power than was used in this study. However, because of their low target site abundance, these NSTs should have a relatively limited impact on the regulation of the overall transcriptome or only exhibit functional roles in a specific subgroup of miRNAs, and they thus may be regarded as an exception that is beyond the purpose of our study.
To systematically elucidate the means by which miRNAs regulate the expression of their target mRNAs, our study evaluated the largest number of site types thus far, to our knowledge. Accordingly, we were able to identify new NSTs and CDNSTs, not only expanding the repertoire of functional targeting miRNAs but also demonstrating the complex and intricate means by which miRNAs influence the gene regulatory network. The findings from the present study move us a step closer to unraveling this complexity and may help in the development of future improvements to the various miRNA target prediction programs.
URLs. scipy, http://www.scipy.org/; R package, http://www.r-project.org/.
METhODS
Methods and any associated references are available in the online version of the paper. Using PhyloP conservation scores obtained through multiple-sequence alignment of 100 vertebrate genomes, the evolutionary conservation of the NSTs and CDNSTs was evaluated for 177 broadly conserved mature miRNAs. "." indicates a position where any of the 25 interaction residues can occur, and Ø indicates all other interaction residues except for the matching (O) interaction residue. The "B" interaction residue represents any interaction residue other than adenine at the mRNA nucleotide corresponding to the first nucleotide position of the miRNA. One-way Wilcoxon rank-sum P values were calculated for each site type by comparing the conservation scores of the sites evaluated against those for control motifs (Online Methods).
a For each site type, the median conservation score of the site type was calculated per nucleotide for matching (O) and first-position adenine (A) interaction residues in comparison to controls. b The actual P value is lower than 1 × 10 −320 , as set by the computational limit of the R package. c For the four CDNSTs, the top 25% of target sites with good context were chosen.
ONLINE METhODS
Compilation of the site types. The site types that can theoretically occur among the 177 broadly conserved mature miRNAs 1 and 18,625 3′ UTRs of reference mRNAs were computed by compiling the list of non-redundant secondary structures and converting them into interaction residues as described in the Supplementary Note. Then, each site type was iterated in a process where all interaction residue positions were sequentially replaced with a " . " interaction residue, a residue that does not matter. For the 177 broadly conserved mature miRNAs and the 18,625 human reference 3′ UTRs, using a site type size of 18 nt, the number of theoretical site types was calculated to be ~4.4 trillion.
To focus on site types that can potentially have a biologically relevant role and to complete our analyses in a reasonable time frame for computation, the following filtering conditions were applied. Using the 74 microarray data sets, reference mRNAs were assigned expression levels and fold change values on a log 2 scale. The mRNAs were sorted by expression level, and the top 50% most highly expressed mRNAs from each microarray data set were used to compile the site types. As large 3′ UTRs tend to be unresponsive to miRNAs regardless of containing functional site types 45 , 3′ UTRs greater than 1,000 nt in length were discarded. For instance, 3′ UTRs >5,000 nt in length with an 8-mer site type show even weaker repression than 3′ UTRs <200 nt in length with a 6-mer site type. Therefore, these long 3′ UTRs can potentially result in noise reducing the statistical power. Furthermore, site types with fewer than four matches or an adenine corresponding to the first position of the miRNA (O or A) and those with a bulge (O1-O9) or an internal loop (L1-L9) of greater than 10 nt in length were excluded from the final list, as these site types have a very small chance of forming a functional interaction with their target 3′ UTRs. A subset of site types was also discarded from the analysis whose target site abundance was very low and that was expected to exert very weak effects on the transcriptome. Target site abundance for each site type was calculated by normalizing across 10,000 randomly chosen 3′ UTRs on average for a mature miRNA, as about 10,000 genes are known to be expressed in a given cell 47 .
By applying these filtering criteria, including a minimal target site abundance threshold of >8 target sites per 10,000 randomly chosen 3′ UTRs on average for a mature miRNA, the ~4.4 trillion theoretical site types from the 177 broadly conserved mature miRNAs were reduced to ~2.1 billion site types. By applying the same parameters to the 74 microarray data sets, approximately 2 billion site types were statistically evaluated for association with highly downregulated 3′ UTRs. These site types were compared with the ~2.1 billion site types computed from the 177 broadly conserved mature miRNAs. As a result, ~98% of the site types were determined to be present in both groups. The comparison was expanded to the 118 less broadly conserved miRNAs and the 632 nonconserved miRNAs 1 by applying the same filtering parameters. The approximately 2 billion site types computed from the 74 microarray data sets covered ~97% and ~99% of the less broadly conserved and nonconserved miRNAs, respectively.
Construction of the analysis pipeline for discovery of functional site types.
We found that the estimated computation time even for a single run of analysis required a prohibitive duration when using a Python-based computer program and a computer system with ten CPUs: >37 years for 74 microarray data sets. To address this problem, we used a high-performance supercomputer system with 1,400 CPU cores and 16 TB of RAM dedicated to our analysis and developed a highly optimized software algorithm. Accordingly, we dramatically reduced the computation time to ~15 d for the 74 microarray data sets, establishing an optimized analysis platform suitable for the massive-scale investigation into functional miRNA targeting (Fig. 1b) .
When determining the downregulated 3′ UTRs, for each of 74 microarray experiments, the 3′ UTRs were sorted by their assigned fold change in expression in ascending order and then partitioned into n equally sized bins. Therefore, 3′ UTRs with assigned fold changes ranging from the (i -1)/n × 100th percentile to the i/n × 100th percentile were placed into the ith bin of each microarray experiment (where i = 1, 2, …, n -1, and n). When n = 5, a smaller number of site types were significantly associated with the highly downregulated 3′ UTRs in comparison to the number when n = 10, resulting in a loss of sensitivity (Supplementary Fig. 12 ). In contrast, n = 20 would increase the computation time prohibitively. Among the three tested values for n, 10 appeared to be more optimal than the others, and subsequent analyses were performed with n = 10.
Then, the ten bins were separated into two groups for i = 1, 2, …, n -2, and n -1: one group termed the 'highly downregulated group' that included the first to i th bins and the other group termed the 'not highly downregulated group' that included the (i + 1)th bin to the 10th bin. For each ith cutoff, a 2 × 2 contingency table was constructed for each site type by examining whether the site type was included in the 3′ UTR and whether the 3′ UTR was highly downregulated. The count in each cell of the contingency table constructed for each of the 74 microarray experiments was added into the corresponding cell of a single merged contingency table for cutoff i, and the merged contingency table was statistically tested for whether the site type was enriched in the highly downregulated group. When checking whether the site type was included in a 3′ UTR, we regarded 3′ UTRs containing multiple target sites as 3′ UTRs containing a single target site (Supplementary Note). Because large 3′ UTRs tend to be unresponsive to miRNAs regardless of containing functional site types 45 and nonfunctional site types can be more strongly enriched in these large 3′ UTRs simply by chance, they can exhibit a bias in the analysis. To correct for this bias, the site presence counts in the contingency tables were adjusted to make the average size of 3′ UTRs identical for the highly downregulated and not highly downregulated groups.
With the list of reference mRNAs and site types in combination with a highly optimized in-house program written in C, χ 2 and Fisher's exact tests were conducted for the contingency tables for each site type. If a site type was determined to be enriched among highly downregulated or not highly downregulated genes, a −log 10 (P value) or log 10 (P value) is reported, respectively. The more significant P value in comparison of the first and second bins (the 10th and 20th percentiles) is reported. As mentioned in "Compilation of site types," site types with fewer than eight target sites per 10,000 randomly chosen 3′ UTRs on average for a mature miRNA, which are expected to exert very small overall impact on the transcriptome, were discarded to complete the computation in a reasonable time frame. However, a subset of the site types that contained ≥10 matches or had an adenine corresponding to the first position of the miRNA (O or A) but had lower target site abundance than the cutoff was additionally evaluated by Fisher's exact test to ensure that our approach did not inadvertently remove subtle but potentially functional site types (Supplementary Table 14) . The resultant list of statistically evaluated site types from both the χ 2 and Fisher's exact tests was sorted according to enrichment P values (Supplementary Tables 2-5 ).
Detection of functional NST candidates. Functional NST candidates were chosen by generating an intersecting list of the most highly enriched site types from the AU-bias-corrected and raw, uncorrected microarray data. Of the 50 most highly enriched site types according to the combined P values computed using Fisher's method after Bonferroni correction, the most significantly enriched site type was chosen as the functional NST candidate. When there was a less significantly enriched site type in the list that completely encompassed the most significantly enriched site type, the less highly enriched site type was chosen as the functional NST candidate. For example, the offset 6-mer site type was found to be the most significantly enriched site type after removing 3′ UTRs containing the target sites of the 6-mer-A1 site type. However, the offset 7-mer site type was selected as the functional NST candidate as the offset 7-mer site type completely encompasses the offset 6-mer site type (Supplementary Table 3) .
For the discovered site types, the interdependence of the significantly associated site types, caused by the overlap of similar site types in 3′ UTRs, presented one of the major challenges in interpreting the results. For instance, imagine a functional site type OOXXOO in which O and X represent a match and a mismatch, respectively. There exist two smaller site types, OOXXO and OXXOO, that overlap with the original site type. As the original site type was functional, OOXXO and OXXOO could also be identified as functional despite the contrary being found when they were evaluated independently. To select functional NST candidates that were completely independent of one another, the preceding steps in the selection process were iterated by removing the 3′ UTRs containing the target sites of the chosen NST candidate and repeating the analyses until no site type exhibited an enrichment P value above the multiple-test-corrected cutoff.
When evaluating 3′ UTRs containing two or more site types of varying efficacy, the more proficient site type potentially acts as a source of noise when evaluating the efficacy of the less proficient site type on the 3′ UTR. Therefore, the iterative search approach that removes the effect of the more proficient site type ensures that the less proficient site type is completely independent of the more proficient site type. A detailed flowchart outlining the selection of functional NST candidates is given in Supplementary Figure 13 .
Detection of functional CDNST candidates. For site types with enrichment P values between 0.01 and the multiple-test cutoff determined by Bonferroni correction, the target 3′ UTRs were sorted by site context scores, focusing on target 3′ UTRs containing a single site to exclude any potential synergistic effects of multiple target sites. Site context scores were generated as described in Supplementary Table 7 and the Supplementary Note, with the exception that multiple linear regression coefficients were computed from 3′ UTRs containing a single site for the three NSTs that we discovered. The Pearson's correlation P value was calculated for each site type to detect functional CDNST candidates that exhibited significant correlation between the context score and the fold change in expression of target mRNAs. Statistical calculation was performed using the 'scipy' package in Python. The Pearson's correlation test P values for the AU-bias-corrected and raw microarray data sets were combined using Fisher's method. q values were computed from the combined P values to correct for multiple testing using the 'p.adjust()' command in the R package. Site types whose q values were <0.01 were chosen and sorted according to q value. Employing the 'hclust()' command in the R package, the CDNSTs with a Hamming distance of <3 from the most significant CDNST were selected and a consensus CDNST was constructed by computing the information content for each residue position. When computing the Hamming distance, only matching (O) residues were considered. To focus on interaction residues whose information content was high, matching (O) residues with an information content of <1.4 bits, which corresponds to 30% of the maximum information content (log 2 26  4.7), were regarded as a " . " residue. The selection process was iterated by removing mRNAs containing the representative CDNST until none of the site types exhibited context dependency (Supplementary Tables 8-11) . A detailed flowchart illustrating the selection of functional CDNST candidate is outlined in Supplementary Figure 14. Luciferase reporter assays. HeLa cells (mycoplasma free; American Type Culture Collection CCL-2) were cultured in DMEM (Gibco) supplemented with 10% FBS (Invitrogen) in a 37 °C incubator at 5% CO 2 . HeLa cells were cotransfected with synthetic miRNA duplex (75 nM/well; miR-124, miR-155, and miR-223) and the psiCHECK-2 reporter plasmid (50 ng/ well) including wild-type or mutated constructs for each candidate using Lipofectamine 2000 (Invitrogen) in a 96-well plate. The synthetic miRNA duplexes used in the luciferase reporter experiments were as described (Supplementary Note). Twenty-four hours after transfection, luciferase activity was measured using the Dual-Glo Luciferase Assay System, as described by the manufacturer (Promega). The hRluc signal was normalized to the Fluc signal to measure transfection efficiency. To measure hRluc activities, the repression of the reporter with the wild-type site was normalized to that of the reporter in which the site was mutated. Fold repression was calculated relative to that of the mutant, with the distribution among 12 replicates indicated by the 95% confidence intervals. The fold repression values for the wild-type and mutant sites were compared using Wilcoxon's rank-sum test (Fig. 4 and Supplementary Fig. 5 ). For comparison of the overall fold repression for two NSTs (6-mer-A1 and offset 7-mer; Fig. 4a,b) , two CDNSTs (CDNST 1 and 2; Fig. 4c,d) , and three non-functional site types (Supplementary Fig. 5a-c) , the normalized fold change values for the wild-type site for each group were combined and compared using Wilcoxon's rank-sum test. The list of cDNA sequences corresponding to the human 3′ UTR fragments for each site type in Figure 4 Validation analyses using independent microarray data. Validation analyses of the NSTs and CDNSTs were conducted using independent microarray data monitoring the transcriptome after introduction of sRNA into the HCT116, ES2, OVSAYO, and MCF-7 cell lines [48] [49] [50] [51] and miRNA knockout and knockdown in human, mouse, and zebrafish 10, [34] [35] [36] [37] [38] [39] [40] [41] 50, 51 . The significance of the NSTs and CDNSTs in repressing their target mRNAs was evaluated in both data sets by comparing the fold change in mRNA levels of the target 3′ UTRs containing a single site against the mRNA levels of 3′ UTRs without any CST, NST, or CDNST. When selecting for 3′ UTRs with a single target site, the presence of target sites for weaker site types was allowed. For instance, when selecting the 3′ UTRs with a single CST target site, we allowed the presence of target sites for NSTs or CDNSTs in the 3′ UTR. However, the target 3′ UTRs with a single NST target site did not contain any target sites of CSTs, and the target 3′ UTRs with a single CDNST site included 3′ UTRs with only one CDNST site, devoid of any CST or NST sites. For the NSTs and CDNSTs, the target 3′ UTRs with the top 25% of context scores were also evaluated for comparison. 3′ UTRs that were >700 nt in length were discarded from the analysis, and fold changes in mRNA levels were compared using Wilcoxon's rank-sum test (Fig. 5 and Supplementary Figs. 6-8 ).
Evolutionary conservation of the NSTs and CDNSTs. Using 177 broadly conserved mature miRNAs 1 and the PhyloP scores obtained from multiple-sequence alignment of 100 vertebrate genomes 43 , the evolutionary conservation of the NSTs and CDNSTs was evaluated ( Table 1) . Conservation scores for the target sites of the miRNAs were calculated with the average PhyloP score per nucleotide of matching (O) nucleotide or adenine corresponding to the first position of the miRNA (A). Control sites were selected according to Friedman et al. 1 . Fifty control sequences were obtained whose overall dinucleotide conservation was similar to that of the NSTs or CDNSTs and that did not have known conserved sequence motifs (poly(A) signal and PUF protein target sequences). For a more conservative method in selecting control sequence, five control sequences were obtained whose dinucleotide composition was identical to that of the NSTs or CDNSTs (Supplementary Table 13) .
To reduce the bias that can originate from basal-level conservation for each individual 3′ UTR, the mRNAs were sorted according to the average PhyloP conservation score per nucleotide and separated into 20 equally sized bins. For each bin, under-or oversampling was conducted for the control motif such that the number of target sites of the control motif was identical to the number of sites for the site type being evaluated. For the CDNSTs, the target sites and their control sequences with the top 25% of context scores were obtained for the statistical test. Using the one-sided Wilcoxon's ranksum test in R, the conservation score for each site type was statistically evaluated in comparison with the controls. To avoid overlapping target sites between site types, the conservation analysis was conducted sequentially after masking the target sites of the preceding site types as outlined in "Construction of the analysis pipeline for discovery of functional site types."
Estimation of the amount of overall mRNA regulation. To estimate the amount of overall mRNA repression that the NSTs and CDNSTs can exert on the transcriptome, the total number of target sites for each of the CSTs, NSTs, and CDNSTs within the transcriptome was determined from the 74 microarray data sets 30 and from the independent microarray data monitoring the transcriptome response after the ectopic introduction of sRNAs into HCT116, ES2, OVSAYO, and MCF-7 cells [48] [49] [50] [51] and after performing miRNA knockout and knockdown experiments in human, mouse, and zebrafish cells 10, [34] [35] [36] [37] [38] [39] [40] [41] . For each site type, the estimated amount of overall mRNA repression was approximated in two ways. First, the mean fold change in mRNA levels for the target 3′ UTRs containing a single target site was multiplied by the total number of 3′ UTR target sites (Fig. 6c and Supplementary Figs. 9 and 10) . Second, for a more conservative approximation, the amount of overall mRNA repression was estimated considering only the target sites of the 3′ UTRs containing a single site (Supplementary Fig. 11 ). For the CDNSTs, the analysis was limited to the target 3′ UTRs that exhibited the top 25% of context scores computed as described in the Supplementary Note.
